INTRODUCTION {#s1}
============

The primary form of circulating vitamin D, 25-hydroxy-vitamin D \[25(OH)D\], is a modifiable quantitative trait associated with multiple medical outcomes, including osteoporosis, multiple sclerosis, selected malignancies, and especially colorectal cancer, with rickets being the most common expression of severe clinical vitamin D deficiency in children ([@DDQ155C1]). The concentration of 25(OH)D in blood, which reflects endogenous generation through ultraviolet B (UVB) exposure as well as exogenous dietary and supplemental vitamin D intake, is considered the best indicator of vitamin D status. Following metabolic activation to 1,25-dihydroxy-vitamin D \[1,25(OH)2D\] through multiple hydroxylation steps ([@DDQ155C2]), vitamin D has pleiotropic effects in addition to its traditional role in calcium homeostasis; for example, vitamin D receptor response elements directly or indirectly influence cell cycling and proliferation, differentiation and apoptosis ([@DDQ155C3]).

Common genetic variants that influence circulating 25(OH)D levels could be important for identifying persons at risk for vitamin D deficiency and enhancing our understanding of the observed associations between vitamin D status and several diseases. Previously, twin studies suggested a heritable component to circulating vitamin D levels ([@DDQ155C4]--[@DDQ155C6]), and investigations of common genetic variation in candidate genes in relation to 25(OH)D concentrations have been based on small study samples and were inconclusive. Here, we report an analysis of 4501 individuals in a meta-analysis of five genome-wide association studies (GWASs) within five cohorts (Table [1](#DDQ155TB1){ref-type="table"}) with prospectively collected 25(OH)D levels: a case--control study of lung cancer in the Alpha-Tocopherol, Beta-Carotene Cancer Prevention Study (ATBC) ([@DDQ155C7]); a case--control study of prostate cancer \[Cancer Genetic Markers of Susceptibility (CGEMS)\] in the Prostate, Lung, Colorectal, Ovarian Cancer Screening Trial (PLCO) ([@DDQ155C8]); three case--control studies of pancreatic cancer nested within ATBC, Cancer Prevention Study-II (CPS-II) ([@DDQ155C9]) and Give Us a Clue to Cancer and Heart Disease Study (CLUE II) ([@DDQ155C10]); and case--control studies of breast cancer (CGEMS) and type 2 diabetes (T2D) nested within the Nurses\' Health Study (NHS) ([@DDQ155C11]). Markers near genes known to be involved in vitamin D synthesis or activation that showed strong evidence for association with 25(OH)D levels in the GWAS were genotyped in an additional 2221 individuals with serologic vitamin D levels from the case--control studies of colon polyps and colorectal cancer nested in the NHS and a prostate cancer case--control study nested within the Health Professionals Follow-up Study (HPFS) ([@DDQ155C12]--[@DDQ155C14]). Table 1.Descriptive characteristics of the participating GWAS cohortsCohort*n* (cases/controls)Location% FemaleYears of blood drawType of specimenMedian (inter-quartile range) of 25(OH)D (nmol/l)Vitamin D assay (CV)% of 25(OH)D deficiency (\<25 nmol/l)% of vitamin D supplement useAlpha-Tocopherol, Beta-Carotene Cancer Prevention Study (ATBC) ([@DDQ155C7])1372 (865/507)Finland01985--1988Serum24.2 (37.3--52.9)CLIA (CV = 9.5--12.7%)267Cancer Prevention Study (CPS-II) ([@DDQ155C8])121 (0/121)USA421998--2001Serum45.2 (57.7--70.0)CLIA (CV = 3.8--14.7%)661Give Us a Clue to Cancer and Heart Disease Study (CLUE II) ([@DDQ155C9])95 (0/95)Washington County, MD, USA541989Serum44.0 (59.2--76.1)CLIA (CV = 6.0--16.4%)523Prostate, Lung, Colorectal, Ovarian Cancer Screening Trial (PLCO) ([@DDQ155C10])1319 (730/589)Multi-center, USA31993--2001Serum45.0 (56.8--70.0)CLIA (CV = 8.1%)339Nurses\' Health Study (NHS) ([@DDQ155C11])1594 (801/793)USA1001989--1990Plasma66.6 (49.0--90.0)RIA (CV = 8.7--17.6%)238

RESULTS {#s2}
=======

A Manhattan plot of genetic signal for 25(OH)D levels shows a genome-wide significance for single-nucleotide polymorphisms (SNPs) on chromosome 4 (Fig. [1](#DDQ155F1){ref-type="fig"}). In the region harboring the group-specific component gene (*GC*, encoding vitamin D-binding protein, DBP) on chromosome 4q12-q13, a set of SNPs were associated with circulating 25(OH)D levels at the genome-wide significance level. The strongest association was for rs2282679 (Table [2](#DDQ155TB2){ref-type="table"}). Table 2.Association of circulating 25(OH)D concentrations with *GC* and other vitamin D-related genes in the GWAS and replication study cohortsSNP^a^Risk allele (freq)ChrLocation^b^Gene neighborhoodPopulation*P*-value^c^Mean 25(OH)D levels (nmol/l) by genotype (copies of risk allele)β-value^d^SE^d^012GWASs rs2282679C (0.26)472827247*GC*Total4.1 × 10^−22^−0.360.05ATBC1.5 × 10^−8^42.137.235.2−0.380.07CPS-II0.0960.157.446.0−0.310.18CLUE II2.2 × 10^−3^67.558.444.3−0.690.22PLCO5.8 × 10^−13^61.555.353.4−0.370.05NHS-CGEMS1.2 × 10^−7^86.877.372.5−0.460.09NHS-T2D9.5 × 10^−4^58.855.848.8−0.240.07Replication studiesTotal5.4 × 10^−21^−0.410.04NHS-Polyps3.4 × 10^−5^70.565.557.5−0.350.09NHS-CRC2.2 × 10^−6^71.567.356.3−0.420.09HPFS3.1 × 10^−13^65.556.853.5−0.440.06Combined meta-analysis1.8 × 10^−49^−0.380.03GWASs rs3829251A (0.19)1170872207*NADSYN1*Total8.8 × 10^−7^−0.170.04ATBC2.0 × 10^−2^41.438.839.4−0.140.06CPS-II0.7561.164.961.00.070.21CLUE II0.6056.261.746.80.160.30PLCO3.5 × 10^−4^59.356.253.0−0.220.06NHS-CGEMS9.2 × 10^−3^83.377.881.3−0.280.11NHS-T2D0.3957.355.355.8−0.080.09Replication studies rs11234027^e^A (0.16)70911755Total1.0 × 10^−3^−0.190.06NHS-Polyps0.3068.366.561.8−0.110.10NHS-CRC0.1669.067.351.8−0.170.12HPFS1.7 × 10^−3^62.057.357.5−0.250.08Combined meta-analysis3.4 × 10^−9^−0.180.03GWASs rs6599638G (0.49)10124694139*C10orf88*Total3.3 × 10^−7^−0.140.03ATBC5.0 × 10^−4^41.839.639.5−0.190.06CPS-II0.9557.358.456.8−0.010.16CLUE II0.1165.661.858.0−0.330.20PLCO1.3 × 10^−2^60.357.857.6−0.110.05NHS-CGEMS2.2 × 10^−3^83.383.077.5−0.240.08NHS-T2D0.1258.556.055.5−0.100.07Replication StudiesTotal9.3 × 10^−1^0.000.04NHS-Polyps0.7068.367.366.5−0.030.07NHS-CRC0.6666.570.066.8−0.040.09HPFS0.5560.560.361.30.030.06Combined meta-analysis2.4 × 10^−5^−0.090.04GWASs rs2060793A (0.41)1114866810*CYP2R1*Total1.4 × 10^−5^0.120.03ATBC0.2839.540.740.10.060.06CPS-II0.7857.955.863.60.050.19CLUE II0.9262.157.771.1−0.030.25PLCO0.1557.159.158.60.070.05NHS-CGEMS3.5 × 10^−4^77.083.380.50.280.08NHS-T2D8.9 × 10^−4^53.858.059.30.220.07Replication studies rs1993116^e^A (0.39)14866810Total1.6 × 10^−17^0.340.04NHS-Polyps6.2 × 10^−9^62.568.875.00.390.07NHS-CRC5.2 × 10^−4^65.568.873.80.290.08HPFS1.6 × 10^−8^56.062.367.00.330.06Combined meta-analysis2.9 × 10^−17^0.250.05[^2][^3][^4][^5][^6][^7]

![Genome-wide associations of circulating 25-hydroxy vitamin D graphed by chromosome position and −log10 *P*-value based on the five GWAS cohorts (*n* = 4501). Only *P* values of \>10^−16^ are plotted, with the most significant variants in the *GC* gene on chromosome 4 not being shown (rs2282679, rs1155563 and rs7041; *P*-values of 1.96 × 10^−30^, 3.56 × 10^−25^ and 4.07 × 10^−22^, respectively).](ddq15501){#DDQ155F1}

Two additional SNPs in *GC* (rs7041 and rs1155563), in moderate linkage disequilibrium (LD; *r*^2^ = 0.4; [Supplementary Material, Fig. S1](http://hmg.oxfordjournals.org/cgi/content/full/ddq155/DC1)), reached the genome-wide significance in the GWAS data meta-analysis (*P* = 4.1 × 10^−22^ and 3.5 × 10^−25^, respectively). In the four-study pooled analysis (ATBC, CPS-II, CLUE II and PLCO), we fit the regression model including all three genome-wide significant SNPs in *GC* along with the covariates used in the GWAS analysis and observed the strongest association signal for rs2282679, with much weaker signals from the other two SNPs (*P* = 3.8 × 10^−4^, 0.075 and 0.75 for rs2282679, rs7041 and rs1155563, respectively). We also conducted a stratified analysis by conditioning on genotype of rs2282679, and the two SNPs again showed markedly weaker evidence for association after stratification (*P* = 0.002 and 0.027 for rs7041 and rs1155563, respectively). Together, these observations suggest that the three common variants confer an association signal derived from a common source, with rs2282679 exhibiting the strongest association with 25(OH)D levels. This association was confirmed in the pooled analysis of the replication studies (*P* = 5.4 × 10^−21^) and resulted in a final combined meta-analysis significance of *P* = 1.8 × 10^−49^. The difference in mean 25(OH)D levels between carriers of two copies of the minor allele versus those of none across the GWAS and replication studies ranged from −6.4 to −34.4% (median −18.3%; Table [2](#DDQ155TB2){ref-type="table"}).

GC protein (DBP) is a serum glycoprotein that belongs to the albumin family. It binds to 25(OH)D and other blood vitamin D sterol metabolites and transports them in circulation to target organs. It is plausible that rs2282679, in the intron 12, located near the actin subdomain III ([@DDQ155C15]), may differentially affect GC binding of 25(OH)D ([@DDQ155C16]). In previous candidate gene studies, we ([@DDQ155C17]) and others ([@DDQ155C18],[@DDQ155C19]) reported that the three *GC* SNPs were associated with circulating 25(OH)D concentrations, with strongest *P*-values for rs2282679 (*P* = 10^−3^--10^−5^). Nonetheless, it is not clear whether the 25(OH)D concentration differentials by the number of *GC* risk alleles also reflect differences in binding and bioavailability of 25(OH)D, activated 1,25(OH)~2~D and other vitamin D metabolites. On the basis of the pooled analysis of ATBC, PLCO, CPS-II and CLUE II, compared with having the wild type (AA), a heterozygote for the variant (C) has a nearly 2-fold higher risk (OR = 1.83) of having clinically deficient 25(OH)D levels (i.e. \<25 nmol/l). Under a linear-additive genetic model for the square-root-transformed 25(OH)D level, rs2282679 explains an additional 1.0% of the variance after adjusting for other variables based on the pooled analysis of GWAS and replication studies.

Although not reaching the genome-wide significance, three other SNPs in or near genes involved in vitamin D synthesis or activation had *P*-values \<10^−5^ in the initial GWASs (Table [2](#DDQ155TB2){ref-type="table"}). In the 15th intron of *NADSYN1* (chromosome 11q13.4; [Supplementary Material, Fig. S2](http://hmg.oxfordjournals.org/cgi/content/full/ddq155/DC1)), which encode nicotinamide adenine dinucleotide (NAD) synthetase-1, rs3829251 was associated with 25(OH)D levels (*P* = 8.8 × 10^−7^) in the GWAS. NAD synthetase-1 catalyzes the final step in the biosynthesis of NAD, which involves a coenzyme in common metabolic redox reactions and a substrate for protein post-translational modifications ([@DDQ155C20]). \[A SNP in high LD (*r*^2^ = 0.84--0.87) with rs3829251, rs1790349, located in *DHCR7*, the gene encoding 7-dehydrocholesterol reductase, an enzyme catalyzing the production in skin of cholesterol from 7-dehydrocholesterol ([@DDQ155C21]) using NADPH in 25(OH)D *de novo* synthesis, was also associated with 25(OH)D concentrations (*P* = 1.8 × 10^−6^). Because of the biological relevance of *DHCR7* to vitamin D metabolism, we subsequently refer to the signal from this region as the '*NADSYN1/DHCR7* locus'.\] The finding for the *NADSYN1/DHCR7* locus was confirmed in our replication set (for rs11234027, *r*^2^ = 1.0 with rs3829251 in the HapMap CEU samples: *P* = 1.0 × 10^−3^) and yielded a combined genome-wide significance of *P* = 3.4 × 10^−9^. The difference in mean 25(OH)D levels between homozygote minor and homozygote major allele genotypes across the GWASs ranged from −16.7 to 0% (median −2.4%) and across replication studies from −7.3 to −24.9% (median −9.5%), and 1.2% of the variance in 25(OH)D concentrations was accounted for by variation in this SNP across studies.

In the region harboring the open-reading frame 88 (*C10orf88*) on chromosome 10q26.13, two highly correlated SNPs (*r*^2^ = 1) were associated with circulating 25(OH)D levels in the GWAS \[rs6599638 and rs1079458, with *P* = 3.3 × 10^−7^ and 1.8 × 10^−6^, respectively; (Table [2](#DDQ155TB2){ref-type="table"})\]. The role of this gene is not well-characterized, but these two SNPs are located in the vicinity of *ACADSB* (acyl-coenzyme A dehydrogenase), which is involved in cholesterol and vitamin D synthesis. There were no notable associations between SNPs in *ACADSB* and vitamin D concentrations, however, and the association for rs6599638 was not confirmed in the pooled analysis of the replication studies (*P* = 9.3 × 10^−1^; meta-analysis with GWAS, *P* = 2.4 × 10^−5^).

The variant rs2060793, located in the 5′ untranslated region of the *CYP2R1* gene encoding microsomal vitamin D 25-hydroxylase, was also associated with circulating 25(OH)D levels in the GWASs (*P* = 1.4 × 10^−5^; Table [2](#DDQ155TB2){ref-type="table"}). This SNP, located on chromosome 11p15.2, is in complete LD (*r*^2^ = 1 in the HapMap CEU samples) with rs1993116 ([Supplementary Material, Fig. S3](http://hmg.oxfordjournals.org/cgi/content/full/ddq155/DC1)), which has been inconsistently associated with 25(OH)D levels in the literature ([@DDQ155C22],[@DDQ155C23]). We confirmed a significant association between the latter SNP and vitamin D levels (*P* = 1.6 × 10^−17^) in our replication sample and found a genome-wide significance for the combined studies from meta-analysis (*P* = 2.9 × 10^−17^). The difference in mean 25(OH)D levels between homozygote minor and homozygote major allele genotypes across the GWASs ranged from 1.5 to 14.4% (median 7.2%) and across the replication studies from 12.7 to 20.0% (median 19.6%), but only 0.6% of the variance in 25(OH)D concentrations was accounted for by variation in this SNP.

The microsomal enzyme CYP2R1 catalyzes C-25 hydroxylation of vitamin D~3~ to an active vitamin D receptor ligand in the liver and other organs ([@DDQ155C24]). An inherited mutation in this gene causes the substitution of a proline for an evolutionarily conserved leucine at amino acid 99 in the CYP2R1 protein and the proline to valine shift has been related to rickets ([@DDQ155C25]), mediated through this defect in vitamin D C-25 hydroxylation ([@DDQ155C24]).

In combination, rs2282679 in *GC*, rs3829251 (rs11234027) in the *NADSYN1/DHCR7* locus, rs6599638 in *C10orf88* and rs2060793 (rs1993116) in *CYP2R1* accounted for 2.8% of the variance in circulating vitamin D levels, based on the estimate in data pooled from ATBC, CPS-II, CLUE II and PLCO. A sensitivity analysis of 1312 non-cancer case controls in ATBC, CPS-II, CLUE II and PLCO gave similar β estimates ([Supplementary Material, Table S1](http://hmg.oxfordjournals.org/cgi/content/full/ddq155/DC1)). We also found a significant signal with clinical vitamin D deficiency \[i.e. 25(OH)D \<25 nmol/l\] for *GC* (one risk allele OR = 1.83; *P* = 2.5 × 10^−8^), and weak or null associations for *C10orf88* (OR 1.17; *P* = 8.1 × 10^−2^), *NADSYN1/DHCR7* (OR 1.18; *P* = 0.11) and *CYP2R1* (OR 0.89; *P* = 0.21), based on 2907 subjects in ATBC, PLCO, CPS-II and CLUE II ([Supplementary Material, Table S2](http://hmg.oxfordjournals.org/cgi/content/full/ddq155/DC1)). It should be noted, however, that the prevalence of vitamin D deficiency in three of these four cohorts was very low (i.e. 3--6%), and examination of the dichotomized 25(OH)D outcome reduced statistical power for this comparison. The odds ratio for clinical deficiency for having one risk allele for each of the four gene loci was 2.97 (95% CI: 2.00--4.39), and the joint effect from the four loci is significant (*P* = 3.2 × 10^−8^).

DISCUSSION {#s3}
==========

In this GWAS analysis, we found and replicated conclusive evidence that variants in *GC*, the *NADSYN1/DHCR7* locus and *CYP2R1* that encode the vitamin D carrier protein and enzymes in the vitamin D metabolic pathway are associated with circulating 25(OH)D levels, with the latter two genes representing novel findings. An initial signal for *C10orf88* (in the vicinity of *ACADSB*) was not replicated. The three SNPs we found associated with vitamin D levels and with clinical deficiency to some extent, along with nearby variants in LD with them, could be included in studies of Mendelian randomization of vitamin D status and disease outcomes, although the modest differences by number of minor alleles suggest that very large sample sizes would be needed to confirm the expected small associations. Strengths of the study include its large sample size, with findings confirmed in multiple independent populations, and having the vitamin D phenotype measured with good precision. Heterogeneity was, however, observed for the 25(OH)D association with *CYP2R1*. Potential limitations of our study include there being only one blood sample assayed for 25(OH)D for each person---measurements from multiple time points would likely provide more valid estimates of usual circulating cholecalciferol levels. Also, two laboratory methods were used to determine 25(OH)D concentrations, and for the RIA method, this was done for three separate parent studies, possibly contributing to some of the cohort differences in the study findings. Follow-up studies, as well as future meta-analyses in other populations with GWAS that have measured 25(OH)D concentrations and possibly DBP, are likely to uncover more common alleles associated with circulating plasma 25(OH)D levels and vitamin D status.

Insights gained from the study of circulating vitamin D are likely to have implications for the examination of complex diseases such as osteoporosis, cardiovascular disease and cancer. Further investigation of the biological mechanisms underlying the associations observed here, and replication of the findings in other populations, including those of African and Asian descent, is required.

MATERIALS AND METHODS {#s4}
=====================

We conducted a meta-analysis of five GWASs within five cohorts (Table [1](#DDQ155TB1){ref-type="table"}) with prospectively collected 25(OH)D levels and replicated the findings in three prospective case--control studies. Analyses were restricted to subjects of European ancestry. The five GWASs were: a case--control study of lung cancer in the Alpha-Tocopherol, Beta-Carotene Cancer Prevention Study (ATBC) ([@DDQ155C7]); a case--control study of prostate cancer \[Cancer Genetic Markers of Susceptibility (CGEMS)\] in the Prostate, Lung, Colorectal, Ovarian Cancer Screening Trial (PLCO) ([@DDQ155C8]); three case--control studies of pancreatic cancer nested within ATBC, Cancer Prevention Study-II (CPS-II) ([@DDQ155C9]) and Give Us a Clue to Cancer and Heart Disease Study (CLUE II) ([@DDQ155C10]); and case--control studies of breast cancer (CGEMS) and type 2 diabetes (T2D) nested within the Nurses\' Health Study (NHS) ([@DDQ155C11]). GWAS genotyping used the Illumina 550K (or higher version) platform with the exception of the T2D study, which was genotyped using the Affymetrix 6.0 platform. Genotypes for markers that were on the Illumina 550K platform but not the Affymetrix 6.0 were imputed in the T2D study using the hidden-Markov model algorithm implemented in the MACH and the HapMap CEU reference panel (Rel 22). Quality-control assessment of genotypes, including sample completion and SNP call rates, concordance rates, deviation from fitness for the Hardy--Weinberg proportions in control DNA and final sample selection for association analyses, are described elsewhere ([@DDQ155C26]--[@DDQ155C29]). For the majority (92%) of the PLCO, ATBC, CPS-II and CLUE II samples, serum 25(OH)D concentrations were measured by competitive chemiluminescence immunoassay (CLIA) in a single laboratory (Heartland Assays, Ames, IA, USA) ([@DDQ155C30]), with coefficients of variation (CV) for 25(OH)D in the blinded duplicate quality-control samples of 9.3% (intrabatch) and 12.7% (interbatch). Previously available 25(OH)D measurements for 492 ATBC subjects from other serologic substudies showed similar CVs \[9.5% (intrabatch) and 13.6% (interbatch)\]. For the NHS-CGEMS samples, plasma 25(OH)D levels were measured by radioimmunoassay (RIA) ([@DDQ155C30]) in three batches (CVs 8.7--17.6%): two in the laboratory of Dr Michael Holick at Boston University School of Medicine ([@DDQ155C31]) and the third in the laboratory of Dr Bruce Hollis at the Medical University of South Carolina in Charleston, SC ([@DDQ155C31]). Plasma levels of 25(OH)D in the NHS-T2D samples were measured in the Nutrition Evaluation Laboratory in the Human Nutrition Research Center on Aging at Tufts University (with CV = 8.7%) by rapid extraction followed by an equilibrium I-125 RIA procedure (DiaSorin Inc., Stillwater, MN, USA) as specified by the manufacturer\'s procedural documentation and analyzed on a gamma counter (Cobra II, Packard).

Four markers selected for replication were genotyped by TaqMan in three case--control samples: NHS colon polyp study ([@DDQ155C13]) (*n* = 403/407 cases/controls), colorectal cancer study ([@DDQ155C12]) (173/371 cases/controls) and a study of prostate cancer in the Health Professionals Follow-up Study ([@DDQ155C14]) (431/436 cases/controls). There was no overlap of participants in the NHS-CGEMS, T2D, colon polyp or colorectal cancer studies. Plasma 25(OH)D concentrations in these studies were measured by RIA in the laboratory of Dr Bruce Hollis \[CVs 7.5, 11.8 and 5.4--5.6% (two-batch), respectively\].

Concentrations of 25(OH)D were similar across CPS-II, CLUE II and PLCO (Tables [1](#DDQ155TB1){ref-type="table"} and [2](#DDQ155TB2){ref-type="table"}). In ATBC, the average population concentration was lower, likely due to reduced UVB solar radiation exposure at that northern latitude and no blood collection during July and some of June and August. The NHS had overall higher values, likely the result of having had blood samples analyzed in a different laboratory using a different assay. Nonetheless, there was a substantial overlap with the observed range of 25(OH)D values across all studies.

We conducted a pooled analysis ([@DDQ155C1]) of four GWASs (ATBC, CPS-II, CLUE II and PLCO) and tested the association between 593 253 SNP markers that passed quality-control filters and the square-root-transformed value of circulating 25(OH)D using linear regression under an additive genetic model. We adjusted for age, vitamin D assay batch, study, case--control status, sex, body mass index (\<20, 20--25, 25--30, 30+ kg/m^2^), season of blood collection (December--February; March--May; June--August; September--November), vitamin D supplement intake (missing, 0, 0--400 and 400+ IU/day), dietary vitamin D intake (missing, \<100, 100--200, 200--300, 300--400 and 400+ IU/day), region/latitude and three eigenvectors to control for population stratification. Usual dietary intake and other covariate information were collected through self-administered food frequency questionnaires and baseline risk factor questionnaires, respectively. The square-root transformation was very close to the most optimal transformation identified by the Box-Cox procedure and was used to ensure normality of the residuals. The Wald test was used for testing the association between each SNP and the outcome. A similar approach was used for analysis of each of the following two GWASs, NHS-CGEMS ([@DDQ155C2]) and NHS-T2D ([@DDQ155C3]). Imputed markers in the NHS-T2D study were analyzed using genotype dosages (expected allele counts). We conducted the meta-analysis of the GWASs, and of the GWAS and replication studies combined, by averaging the signed Wald statistics weighted by the square root of the corresponding sample sizes; this analysis is robust to differences in scale across different techniques for measuring circulating 25(OH)D ([@DDQ155C32]). We also used the random-effect model to estimate the common effect size and to assess heterogeneity among results from different studies. The quantile--quantile plot of *P*-values from the GWAS meta-analysis showed no evidence of systematic type-I error inflation (λ~GC~ = 1.0007; Fig. [2](#DDQ155F2){ref-type="fig"}).

![Quantile--quantile plot of 593 253 SNPs from the meta-analysis of the five GWAS scans (*n* = 4501). Each blue dot represents an observed statistic \[defined as the −log~10~(*P*)\] versus the corresponding expected statistic. The blue dots correspond to the distribution of test statistics. The black line corresponds to the null distribution. Observed *P*-values \<10^−16^ are plotted at the 10^−16^ significance level.](ddq15502){#DDQ155F2}
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[^1]: These authors contributed equally to this work.

[^2]: *P*-values for heterogeneity were \>0.05, except for rs2060793 (*P* = 0.01).

[^3]: ^a^SNP identifier based on NCBI dbSNP.

[^4]: ^b^Chromosomal location based on NCBI Human Genome Build 35 coordinates.

[^5]: ^c^The result of 1 df test based on linear regression, using an additive model, after square-root transformation of 25(OH)D levels---adjusted for age, vitamin D assay batch, study, case--control status, sex, body mass index, season of blood collection, vitamin D supplement intake, dietary vitamin D intake, region/latitude and chosen eigenvectors to control population stratification. The pooled *P*-value is based on the combined Wald statistics weighted by the square-root of the corresponding sample size.

[^6]: ^d^SE: standard error; the regression β and standard error were based on square-root scale. The pooled β and standard error summary calculated based on the random-effect model.

[^7]: ^e^*r*^2^ = 1 in the HapMap CEU panel with the SNP from the initial GWAS.
